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A concrete interest in running RHIC at low energies in a range of 2.5-25 GeV/nucleon total energy of a single beam has recently emerged. Providing collisions in this energy range, which in the RHIC case is termed "low-energy" operation, will help to answer one of the key questions in the field of QCD about existence and location of a critical point on the QCD phase diagram. However, luminosity projections are relatively low for the lowest energy points of interest. Luminosity improvement can be provided with electron cooling applied directly in RHIC at low energies. This report summarizes the expected luminosity improvement with electron cooling, possible technical approaches and various limitations. 
EXPECTED PERFORMANCE
The beam lifetime observed during the test runs was clearly limited by machine nonlinearities. This performance can be improved provided sufficient time is given for machine development at these low energies. After the lifetime caused by nonlinearities is improved the strongest limitation comes from transverse and longitudinal Intra-beam Scattering (IBS), and ultimately by the space-charge limit. For the test run in March 2008, the injected longitudinal emittance of gold ion bunches was close to the RF bucket acceptance. As a result, one can see significant loss from the RF bucket (lower light blue curve for Blue ring and orange curve for Yellow ring) driven by longitudinal IBS in Fig. 2 .2. The total RF voltage was 430kV and 500kV for the Blue and Yellow rings, respectively.
Presently, the uncertainty in the expected useful luminosity at low energies is very large. For example, for the test run performed on March 11, 2008 the reported rate of beam-beam counter coincidence signals was about 340Hz. However, the rate of useful physics events is estimated to be only about 1Hz. The reason for such a small number of useful events is presently under study. Some improvements in the useful luminosity are straightforward. For example, 1Hz can be doubled by doubling the number of bunches to 108. Since the test run machine was clearly limited by nonlinearities, some improvement in machine performance is also expected with additional machine development time. We expect that an additional factor of 3 may be possible at energies around γ=4.9. As a result, the rate of useful events near γ=4.9 may be increased from 1Hz to about 6Hz, with future machine development improvements. Table 2 .1 Estimates based on an assumption of 6 Hz useful events (after expected machine improvements in the future) at γ=4.9 with 80% of calendar time spent in physics.
It is clear that the first improvement in luminosity should come from improvement of lifetime due to nonlinearities. In addition, both transverse and longitudinal IBS growth can be compensated by electron cooling technique [6] . Unfortunately, the ultimate limitation due to space charge prohibits strong cooling at the lowest energy points, which would give an otherwise dramatic increase in the luminosity.
Applying electron cooling directly in RHIC will increase the average integrated luminosity significantly, and will provide long stores for physics. With electron cooling it seems feasible to have about a factor of 3-6 improvement in average luminosity depending on the energy (see Sections 3 and 4 for details), which would enable detailed studies of signatures of the Critical Point.
Note that a limited factor of 3 improvement from electron cooling for lowest energy points in Table  2 .1 is driven by the space-charge limit (see and assumes that machine performance will be substantially improved without cooling (no strong intensity drop in the first few minutes, as can be seen in Fig. 2.2) . If, however, significant fast initial intensity drop remains, then spacecharge limit is relaxed, and electron cooling can provide additional factors of improvements on top of the factor of 3 given in Table 2 .1 due to a possibility of cooling ion beam emittance with a subsequent reduction of beta function at the Interaction Point.
In addition, if signatures of the Critical Point are found, it is expected that a request for high statistics, for example 50M events, will follow. Electron cooling in RHIC enables acquisition of such statistics in a reasonable period of time. Without electron cooling, acquisition of high statistics of about 50M events is impractical.
LUMINOSITY LIMITATIONS

IBS
One of the major effects which leads to the luminosity decrease during a store cycle is intrabeam scattering (IBS) inside each bunch of both beams circulating in the rings. IBS leads to an increase of the bunch length and of the transverse beam emittance. 
Space-charge tune shift
For a Gaussian transverse distribution, the maximum incoherent space-charge tune shift can be estimated using the following formula:
where F c is a form factor which includes correction coefficients due to beam pipe image forces (the Laslett coefficients), N i is the number of ions per bunch, ε is the unnormalized rms emittance and B f is the bunching factor (mean/peak line density). Here, for simplicity, we assume F c =1, thus considering only self-fields of the beam. It is also correct assumption for vacuum chamber of circular cross section, for which incoherent electric image coefficients vanish due to symmetry.
For the low energy points in RHIC, the RF bucket acceptance is relatively small due to limited RF voltage. The longitudinal emittance of the incoming ion beam is comparable to or bigger than the RF bucket acceptance. As a result, the RF bucket is completely filled after injection. For the estimate of space-charge tune in such a case, we assume a full bucket with a parabolic ion beam profile, using notation ∆Q fb . Note that one gets a higher luminosity for low-energy points if rather than decreasing the intensity per bunch one increases the emittance keeping the intensity constant and staying at the space-charge limit. However, for the RHIC case, the increase in the emittance is limited by the beam size in the triplets, which results in a beam loss.
Beam-beam parameter
The linear part of the tune shift due to interaction with a colliding bunch is called the " 
where r p is the proton classical radius.
For round beams, the peak luminosity can be calculated according to the following formula:
where N i is the ion number per bunch, ε is the transverse unnormalized rms emittance, β * is the beta function in the IP and σ s is the rms value of the longitudinal beam size. F coll is the collision repetition frequency, which equals to the bunch revolution frequency F rev multiplied by the bunch number N bunches . The factor f (the "hourglass effect") is defined by the formula
This factor is close to unity when the longitudinal rms beam size is much less than the value of beta function at the IP, and decreases when σ s is increased. For low-energy RHIC operation we presently use β * =10m, which is much bigger than rms bunch length, so that we can neglect this hourglass factor in the estimates.
If the single bunch luminosity is limited by the beam-beam effect it can be expressed via ξ as:
where C is the ring circumference.
If the luminosity is limited by the space-charge tune shift value ∆Q, then it can be expressed as:
In the general case, the luminosity is limited by a minimum value from either Eq. Electron cooling can easily counteract IBS at such low energies. If IBS would be the only limitation, one could achieve small hadron beam emittance and bunch length with the help of electron cooling, resulting in a dramatic luminosity increase [8] [9] . Unfortunately, at lowest energy points in RHIC the defining limitation is expected to be due to the space charge.
LUMINOSITY WITH COOLING
When the space-charge tune shift becomes significant, the beam overlaps many machine imperfection resonances, leading to large beam losses and poor lifetime. For machines where beam spends only tens of msec in high space-charge regime, as well as one compensates machine resonances, the tolerable space-charge tune shift can be as big as ∆Q=0.2-0.5. However, for a long storage time, acceptable tune shifts are much smaller. In some machines, lifetimes of few minutes were achieved with tune shifts of about 0.1 or higher [10] . In LEAR, it was possible to accommodate space-charge tune shifts of about 0.1, with a proper choice of working point and electron cooling [11] . For RHIC, we are interested in lifetimes much longer than a few minutes. As a result, we take space-charge tune shift values of about 0.05 as a limit for our present estimates. Table 3 .2 shows that in order not to exceed such space-charge limit for lowest energy point with γ=2.67 one cannot decrease emittance (with cooling) to lower values. In fact, for 95% normalized emittance of 15 mm mrad even intensity of ion bunch has to be reduced to 0.5×10 9 to have an acceptable space-charge tune shift. Note that one can get higher luminosities for low-energy points if rather than decreasing the intensity per bunch one increases emittance keeping intensity constant and staying at the space-charge limit, as shown in Fig. 4 .1. As a result, the role of electron cooling at the lowest energy points becomes just to counteract IBS which will prevent transverse emittance growth and intensity loss from the bucket due to longitudinal IBS, resulting in long stores with constant luminosity.
For RHIC parameters with β*=10m, the single bunch luminosity limited by the space-charge tune shift of ∆Q = 0.05 (for the plot N i =1×10 9 was used for all energy points) is shown in For higher energy points, in addition to counteracting IBS electron cooling provides emittance decrease needed to operate at the space-charge limit. This, in turn, allows us to reduce beta function at the Interaction Point. As a result, electron cooling provides a larger luminosity gain for higher energy points. 9 , initial 95% normalized emittance of 15 mm mrad, rms momentum spread σ p =5×10 -4 , rms bunch length σ s =1.9 m, and 56 bunches. As a result of longitudinal IBS and particle loss from RF bucket, there is an intensity loss. Also there is still significant emittance increase due to transverse IBS even for reduced bunch intensity of N i =0.5×10 9 per bunch. This results in a rapid luminosity drop shown in Fig. 4.3 with black circles. The resulting store length becomes relatively short -one has to refill machine every 10-15 minutes. With electron cooling, the transverse emittance was kept constant, as well as longitudinal IBS was counteracted. As a result, electron cooling provided long store time with relatively constant luminosity. Overall gain in luminosity with electron cooling, taking into account needed time for refill between short stores without cooling, is about factor of 3 in average luminosity. Larger luminosity gains might be possible if one could operate with space-charge tune shifts larger than ∆Q=0.05 (operation with slightly larger tune shifts may be expected with the help of cooling). Note, that these simulations do not include beam lifetime associated with nonlinearities of the machine, and thus show "ideal" performance of the machine. , initial 95% normalized emittance of 15 mm mrad, σ p =5×10 -4 , σ s =1.9 m. For these parameters we are not yet space-charge limited. In such a case, in addition to just counteracting IBS, electron cooling allows to cool the transverse emittance to the space-charge limit, which in turn allows to decrease β* at the IP as can be seen by luminosity jump in the Fig. 4.4 . Then the luminosity remains constant. For the scenario shown in Fig. 4.4 , electron cooling provides about factor of 6 improvement in average luminosity. For low-energy RHIC operation, maximum achievable luminosity will be limited by space-charge tune shift. One can significantly reduce the space-charge tune shift by providing collisions with coasting beams. In such a case, additional strong luminosity increase would be possible with electron cooling. This option is being discussed. However, since present timing system in RHIC detectors requires bunched ion beams, the standard scenario with bunched ion beams is presently assumed as a baseline approach.
To summarize, for typical colliding scenario with bunched beams, improvement due to electron cooling is limited by a space-charge limit in a collider. Electron cooling offers long stores for physics with about factor of 3 improvement (additional factor might be possible if one could operate with slightly larger tune shifts with the help of cooling) in average luminosity for low-energy points (γ=2.7-5) and about factor of 5-6 improvement for higher energy points (γ > 5). Further improvement in luminosity may be possible if one considers collisions of coasting beams.
CONSIDERATIONS FOR ELECTRON COOLER
The lowest energy points (ion kinetic energies E k,i =1.6, 2.2, 2.9, 3.45, 5.2 GeV/nucleon) can benefit the most from electron cooling; these correspond to electron beam kinetic energies E k,e =0.9-2.8 MeV. Electron cooling at these energies was successfully demonstrated at Fermilab. Below we summarize several approaches to cooler design which may work for RHIC low-energy cooling.
DC cooler
Electron cooling with electron beam kinetic energies E k,e =0.9-3 MeV can be performed using a DC electron beam, as is being done in the Recycler cooler at Fermilab [12] . The Recycler cooler can operate in a wide energy range up to 5MeV electron kinetic energy. RHIC cooling times would be much smaller than those measured at the Recycler since we need to cool Au ions compared to antiprotons in the Recycler. The cooling time is thus reduced by a factor of Z 2 /A=31.7, where A=197 and Z=79 are the atomic mass and charge of Au ions, respectively.
However, some modification to the Recycler cooler will be needed in order to use it for RHIC. First, one would need to do some modification to the electron beam transport for low energies of electron beam, as well as evaluate the need of magnetic field during the initial stage of acceleration of the electron beam inside the Pelletron. Second, one will need to do modifications to the cooling section to compensate loss of heavy ions on recombination with electrons. Two approaches to combat recombination are being considered and are summarized in Section 5.4.
RF cooler based on 56 MHz SRF gun
The energies of electron beam needed for low-energy RHIC are sufficiently high, which allows us to consider cooling using bunched electron beam. The main problem for bunched electron beam is to provide beam transport of electron bunches without significant degradation of beam emittance and energy spread. Using low-frequency RF gun provides very long electron bunches. As a result, even for high bunch charges, space-charge effects in such a bunch can be minimized. One can then deliver an electron beam of the necessary quality to the cooling section.
Preliminary simulations show that the required electron beam parameters can be obtained (see Appendix A.3 for details). The 56 MHz gun is presently under design under SBIR by Niowave Inc. in Michigan and may be available for low-energy RHIC cooler in the future.
RF cooler based on 703 MHz SRF gun
Presently, a ½ cell 703.75 MHz SRF gun is being built for the R&D ERL at BNL [13] . It is thus an attractive scenario to use this gun later in the RHIC tunnel. The length of electron bunches at this frequency is very short (about 1 cm rms) which would result in quick increase of momentum spread of electron beam due to the longitudinal space charge. However, the length of ion beam is very large with 1.9 meters rms. This allows us to put about 20 electron bunches on a single ion bunch. The charge needed for cooling can be thus divided between 20 electron bunches resulting in 50pC per bunch. With such a low charge electron beam emittance is very small and is not an issue. The energy spread due to longitudinal space charge is also greatly reduced. The cooling in such a scenario is provided by a pulse/train of bunches with 20 bunches in the train spaced by 42.6 cm apart. The repetition frequency of such bunch trains is 9.38 MHz.
Preliminary simulations show that it should be possible to maintain required energy spread at the level of 5×10 -4 through the cooling section for 50pC bunch. This requires a special set-up which is described in Appendix A.4. Also, with such an approach, the resulting transverse angular spread satisfies cooling requirements as well. Simulations shown in Appendix A. 4 indicate that the quality of the electron beam can be maintained at the required level through both of the cooling sections in Yellow and Blue RHIC rings, which makes this approach very attractive.
Non-magnetized vs. magnetized approach
In the cooling section, the interaction of the ion and electron beams results in ion beam loss due to recombination. In a standard electron cooler, recombination loss is minimized by incorporating a large transverse temperature of the electron beam. Subsequently, employment of s strong magnetic field in the cooling section allows one to remove the effect of the large transverse temperature of the electron beam from the cooling dynamics process. Such an approach is typically called "magnetized" cooling.
One the other hand, a novel idea of suppression ion recombination based on the use of an undulator field in the cooling section was proposed for RHIC [14] . In the presence of an undulator field, the trajectories of all the electrons have the same coherent azimuthal angle θ, determined by the undulator period λ and field value B at the axis:
where p is the electron momentum. Since the recombination cross section is approximately inversely proportional to the electron energy in the ion rest frame, the ion beam lifetime can be sufficiently improved.
Using an undulator to suppress recombination would allow one to use non-magnetized electron beam with relatively small temperatures for cooling. To make sure that the representation of the friction force in the presence of an undulator field is accurate, an undulator field was implemented in the VORPAL code [15] , and systematic numerical simulations were performed for different strength of the magnetic field B and pitch period λ [16] . Based on these studies the design of the high-energy electron cooler for RHIC was changed from magnetized cooling to non-magnetized cooling which significantly simplified electron beam transport and reduced the cost of the cooler [17] [18] [19] .
For the low-energy cooler in RHIC both approaches of magnetized and non-magnetized cooling were considered. As for the case of high-energy RHIC-II cooler, it was shown that one can use a rather weak undulator with a magnetic field of about 3-5G (8 cm period) to combat recombination in the cooling section, which makes use of the non-magnetized cooling attractive for low-energy RHIC operation as well. This approach is presently our baseline approach.
Alternatively, one can consider conventional magnetized cooling approach for low-energy RHIC.
For example, such a magnetized cooler design with 0.2T magnetic field in the cooling section is chosen as a baseline for future HESR DC electron beam cooler at GSI [20] . For the RHIC case, the magnetized approach require cooling sections (10 m for each of the two RHIC rings) to be covered with solenoids with magnetic field of about 0.5T. The requirement on straightness of magnetic field lines in solenoids is about 5×10 -5 . However, due to large magnetization such a scenario is probably not compatible with the SRF gun approach or the Recycler cooler (without serious and expensive modifications), thus leaving us just with the non-magnetized method for present consideration.
Pros and Cons of different approaches.
DC approach
RF 703MHz approach
Advantages:
1. The gun is presently being built for R&D ERL at BNL. 2. It will minimize cost of moving of the full R&D ERL into the RHIC tunnel for demonstration of Coherent Electron Cooling (proposed for eRHIC) in the future. 3. Much more compact than DC approach. 4. Overall timeline (commissioning of R&D ERL in 2009) seems consistent with the timeline needed for low-energy RHIC cooling. 5. Parameters needed for cooling were demonstrated in simulations through both cooling sections in two RHIC rings.
Disadvantages:
1. It is not clear what parameters will be demonstrated after the gun is built. 2. Laser system becomes more complicated to provide pulses of electron bunches required.
COST ESTIMATE
Some preliminary cost estimate of electron cooler was performed both for the DC and RF electron beam approach. It suggests that the cost of such a cooler for Low-Energy RHIC operation should be under $5M. Please note that the cost estimates listed below were done for planning purpose only.
Pelletron (DC) electron cooler from FNAL.
This scenario assumes that all the hardware from the Recycler cooler (Pelletron, all magnets, instrumentation, controls) will be available and come for free.
1.1) Transportation (30+ton): 0.03M 1.2) Using IR 2 Bldg., requires pit for Pelletron: 0.05M (Installation in 2:00 IR; IR is 27' tall. There is an available service building for the gas, water and other systems, along with about 3MW of available power) The third option based on 56MHz SRF gun should be comparable in cost to option 2, assuming that the gun with the cryostat will be available for BNL for free.
The largest contribution to cost estimate is labor. Presently, without detailed design, this item also has the largest uncertainty.
In addition to cost an important consideration for choosing one of the available approaches for the cooler is the timeline. For example, to provide Au ions collisions during Run-12, would require installation and commissioning of the cooler in 2011, which would require Technical Design of the cooler to start in 2008. In general, it is estimated that a needed minimum time from the start of Technical Design to construction and commissioning of such a cooler is about 3 years.
A.2 Parameters of DC electron beam
At low energy RHIC ion bunches are very long (rms bunch length 1.6-1.9 m) with the full bunch length up to 30 nsec. DC electron beam is ideally suited for cooling of such long ion bunches. To produce an effective charge of 1nC (needed to just counteract IBS for lowest energy point) requires only 0.033A of DC current. To provide also some additional cooling of beam emittance for high energy points overall requirement on electron beam current is 0.03-0.1A.
Good performance of electron cooler with currents up to 0.5A was demonstrated at the Recycler cooler in FNAL. The Recycler cooler operates at 4.3MeV kinetic energy of electrons. For lowenergy RHIC, we need to go as low as 0.87MeV. Transport of electron beam at such low energy and resulting electron beam parameters must be studied carefully.
A.3 Electron beam dynamics for 56 MHz RF cooler
This section summarizes electron beam dynamics studies for 56MHz SRF gun approach obtained with PARMELA code. 
Separation gap 56MHz cavity
Solenoid #1 Solenoid #2 168MHz cavity For the low-energy point with kinetic energy of 0.85MeV it is difficult to preserve the momentum spread at small level even for a very long bunch (45cm full length in this case), as shown in Fig.  A.3 .7. However, for such a long bunch one would expect that longitudinal space charge is affectively screened by particles at distances larger than the beam-pipe radius. Simulations which 20cm 300cm 35cm
Bend θ include beam-pipe wall and thus account for such screening effect are shown in Fig. A.3.8 . One can see that growth of momentum spread is decreased due to the screening effect. The effective charge (with good energy spread) is thus 1.6nC, which also satisfies requirement of 1nC minimum. Corresponding rms normalized emittance, for the merging system in Fig. A.3 .6, is shown in Fig. A.3.9 . Electron beam dynamics simulations presented in this section show that the parameters needed for cooling can be achieved for the beam transport through the cooling section in one RHIC ring. However, if one wants to minimize cooler's cost by using the same electron beam to provide cooling in two RHIC rings, this requires turning the electron beam after the first cooling section by 180 degrees and delivering a good quality beam to the second cooling section in the other RHIC ring. This presents a challenge for beam dynamics at such low energies. Feasibility of preserving electron beam parameters for second cooling section is presently under investigation.
A.4 Electron beam dynamics for 703 MHz RF cooler
The frequency of the ½ cell gun of R&D ERL (under construction at BNL) is 703.75 MHz. For lowenergy cooling, one will need to operate this gun in CW mode with 10-20 mA of current up to 2.8 MeV kinetic energy beam.
The length of electron bunches at this frequency is very short (about 1 cm rms in the lab frame) which results in quick increase of momentum spread of electron beam due to the longitudinal spacecharge. However, the length of ion beam is very large with 1.9 meters rms. This allows us to put about 20 electron bunches on a single ion bunch, which is schematically shown in Preliminary simulations suggest that it is hard to maintain required energy spread at the level of 5×10 -4 during the 10 meters of cooling section even for 50pC bunch if this bunch is as short as 1 cm rms. However, one can stretch electron bunches in the pulse train by accelerating at the linear slope of the RF. The resulting large energy spread is then corrected by an additional cavity of the same frequency, which is schematically shown in Fig. A The strength of electron cooling strongly depends on the relative rms angular spread of electron and ion beams. For RHIC at low energies, the requirement on relative rms angular spread comes from ion energy spread which is about 0.0005 rms. As a result, the quality of electron beam should be such that both rms energy spread and transverse rms angular spread of electron beam should be comparable or smaller than 0.0005. Figure A. 4.5 shows that transverse rms angular spread of electron bunches could be controlled to an acceptable level through both of the cooling sections.
A.5 Cooling section.
The cooling section is the region where the electron beam and ion beam overlap to produce the cooling action. The electron beam cools ions in RHIC Yellow ring then it is turned around and cools ions in RHIC Blue ring before going to the dump (in the RF electron beam approach). The electron beam must maintain its peak performance all along electron beam transport through the second cooling in Blue ring.
The Blue and Yellow ring cooling sections are about 11 meters each. For the non-magnetized approach most of cooling section is covered by helical undulators. The helical undulators in the cooling section are used to suppress recombination of the heaviest ions. For the magnetized approach, one would use strong solenoids instead of undulators to combat recombination. Some space is taken up by closely spaced steering dipoles and beam position monitors used to keep the electron beam and ion beam in close relative alignment. Pairs of weak solenoids are used in the nonmagnetized approach to compensate the effects of transverse space charge defocusing. The schematic layout of cooling section is shown in Fig. A .5.1. 
